M icrocirculation may be defined as that part of the vasculature that regulates flow and pressure. 1, 2 Energy dissipation (necessary to overcome vascular resistance), evidenced by a steep decline in blood pressure, occurs primarily in the precapillary arterioles and small arteries, 3, 4 that is, the arteries with diameters Ͻ350 m.
The increased peripheral resistance that is the hallmark of hypertension in animals and humans may be ascribed in large part to the consequences of structural and functional alterations in the resistance vasculature. 1, 5 A thickened arterial wall together with a reduced lumen, with a consequently higher media-to-lumen ratio (M/L), may play an important role in the peripheral vasoconstriction and may also be an adaptive response to the increased hemodynamic load. 1, 5 The presence of structural alterations in the microcirculation may be considered an important link between hypertension and ischemic heart disease, heart failure, cerebral ischemic attacks, and renal failure. Therefore, it may represent an important mechanism of organ damage, possibly explaining the subsequent development of overt cardiovascular events. However, no data are currently available about a possible prognostic significance of the M/L of small resistance arteries, in addition to other known cardiovascular risk factors.
Evaluation of the structure of small resistance arteries in humans is not an easy task because it usually implies invasive procedures, such as surgical biopsies of suitable tissues. More than 15 years ago, a reliable and minimally invasive technique for evaluation of the structure of subcutaneous small arteries was introduced and then widely applied, ie, a biopsy of subcutaneous fat from the gluteal or the anterior abdominal region with subsequent micromyographic evaluation. 6, 7 The aim of the present study was to evaluate the incidence of cardiovascular events during an average follow-up period Ͼ5 years in a large number of subjects submitted to the evaluation of the structure of subcutaneous small resistance arteries in our institution.
Methods
From January 1992 to June 2000, 151 subjects were submitted to an evaluation of the structure of small resistance arteries and were included in the present study. They were 23 normotensive subjects, 59 patients with essential hypertension, 17 with pheochromocytoma, 20 with primary aldosteronism, 12 with renovascular hypertension, and 20 normotensive patients with non-insulin-dependent diabetes mellitus (NIDDM). Their age range was 20 to 81 years. The presence of hypertension was established according to International Society of Hypertension/World Health Organization Guidelines. 8 The presence of NIDDM was established according to the Guidelines of the Expert Committee on the Diagnosis and Classification of Diabetes Mellitus. 9 The diagnosis of secondary forms of hypertension was made on the basis of an indication for renal artery revascularization or adrenal tumor resection, after proper investigation by imaging techniques and humoral assessments.
All hypertensive patients had been treated previously for short periods of time with calcium channel blockers, ACE inhibitors, diuretics, or ␤-blockers. Treatment was withdrawn at least 3 weeks before the procedure. There was no statistically significant difference in the therapeutic regimens of the different hypertensive groups. The protocol of the study was approved by the Ethics Committee of our institution (Medical School, University of Brescia), and informed consent was obtained from each participant. The procedures followed were in accordance with institutional guidelines.
Venous blood samples were taken with the participants in the supine position, after a washout period of Ն2 weeks, for standard hematology and serum biochemistry tests (including triglycerides and total cholesterol). In a subset of subjects (nϭ93), a standard echocardiographic evaluation was performed. Left ventricular internal dimensions and left ventricular posterior wall and interventricular septum thicknesses were measured according to the recommendations of the American Society of Echocardiography and the Penn convention. 10 
Micromyography
All subjects were then submitted to a biopsy of subcutaneous fat from the gluteal or the anterior abdominal region. The biopsy of the abdominal subcutaneous fat was taken during a surgical procedure (usually cholecystectomy in normotensives and essential hypertensives and adrenalectomy or vascular surgical intervention on the renal arteries in patients with secondary hypertension), whereas in the remaining patients, a standard skin biopsy of the gluteal region (3 cm long, 0.5 cm wide, 1.5 cm deep) was performed. 6, 7 Small arteries (Ϸ100 to 280 m average diameter in relaxed conditions, 2 mm long) were dissected from the subcutaneous fat of the biopsies and mounted as a ring preparation on an isometric myograph (410 A, JP Trading), by threading onto 2 stainless steel wires (40 m in diameter). Media cross-sectional area, wall and media thicknesses, and the M/L of blood vessels in normalized condition were measured. Details about the micromyographic technique of evaluation of small-artery morphology were reported previously. [12] [13] [14] Follow-up information was obtained by telephone interviews or by reevaluating subjects in the outpatient clinic. We considered cardiovascular events to be the following conditions: sudden death, ischemic or hemorrhagic stroke, transient cerebral ischemic attack, myocardial infarction, new-onset angina requiring hospitalization, progressive heart failure requiring hospitalization, coronary artery bypass or angioplasty, renal failure requiring dialysis, implantation of a pacemaker device, development of symptomatic lower-limb atherosclerosis, or surgical intervention for aortic aneurisms. Hospital records and all other available source documents were collected and reviewed by all authors of the study. The attribution of cardiovascular events to patients was decided, on the basis of the available documentation, by 2 medical members of the local Ethics Committee who were unaware of the vascular morphological data recorded.
Statistical Analysis
All data are expressed as meanϮSD unless otherwise stated. Oneway ANOVA and 2 statistics (Fisher exact test and Yates correction) were used to evaluate differences between groups. The KaplanMeier method was used to analyze event-free survival, and the groups were compared by use of the Mantel-Cox and Breslow tests. The relative importance of each prognostic factor, adjusted for the others, was assessed by use of the Cox proportional hazards model. All the statistical tests were 2 tailed. A value of PϽ0.05 was considered statistically significant. All analyses were carried out with the BMDP statistical package (BMDP Statistical Software Inc).
Results
We have observed cardiovascular events in 5 of 23 normotensive subjects and in 37 of 128 patients with hypertension or NIDDM. Demographic characteristics of the whole population and of the subjects with and without cardiovascular events are reported in Table 1 . Because of a possible selection bias, we did not include the normotensive group in the following statistical analysis.
The average follow-up time of our subjects was 5.35 years (range, 2.6 to 9.93 years) for a total of 685 patient-years. Thirty-seven of 128 subjects had a documented fatal (nϭ4) or nonfatal (nϭ33) cardiovascular event ( Table 2 ). Because of the elevated prevalence of hypertension, dyslipidemia, NIDDM, and cigarette smoking, the population included in the study may be considered at high cardiovascular risk, as documented by a prevalence of cardiovascular events of 28.9% and an incidence of 5.43 per 100 patients per year. Patients with cardiovascular events were older, with higher systolic and pulse pressure ( Table 2) . We observed cardiovascular events in 20 of 59 essential hypertensive patients, in 4 of 17 patients with pheochromocytoma, in 3 of 20 patients with primary aldosteronism, in 6 of 12 patients with renovascular hypertension, and in 4 of 20 normotensive patients with NIDDM ( Figure 1 ).
In the subcutaneous small resistance arteries of subjects with cardiovascular events, compared with those without events, a smaller internal diameter and a greater M/L (Pϭ0.000006) were observed (Table 1) . To evaluate the prognostic role of the M/L of subcutaneous small resistance arteries in our study population, we subdivided our subjects into 2 groups according to the presence of an M/L above or below the mean (and median) value observed in the whole population (0.098) (Figure 2 ). Life-table analyses showed a significant difference in event-free survival between the 2 subgroups (Pϭ0.015 by the Mantel-Cox test, Pϭ0.036 by the Breslow test). The relative risk related to the presence of an M/L greater than 0.098 was 2.31 (95% CI, 1.15 to 4.64).
In addition, we subdivided our subjects according to the presence of an M/L greater or smaller than 0.11, that is, the value corresponding to 2 SD above the mean of our normal control subjects (nϭ23). Again, life-table analyses showed a significant difference in event-free survival between the 2 subgroups (PϽ0.00001 by the Mantel-Cox and Breslow tests) (Figure 2 ). The relative risk related to the presence of an M/L greater than 0.11 was 4.16 (95% CI, 2.13 to 8.11). The differences in event-free survival were statistically significant (Pϭ0.009) even when patients with secondary forms of hypertension were excluded from the analysis (Figure 3) .
The relative importance of known prognostic factors at baseline or at follow-up, such as age; sex; clinic systolic, diastolic, or pulse pressure; dyslipidemia; presence of diabetes; smoking status; and baseline diagnosis (essential hypertension, pheochromocytoma, primary aldosteronism, reno-vascular hypertension, normotensive NIDDM) and the M/L of subcutaneous small arteries, was evaluated in the whole population, and the association of those variables with cardiovascular risk was assessed by the Cox proportional hazard model. Only pulse pressure (Pϭ0.009) and M/L of subcutaneous small arteries (PϽ0.0001) were found to be significantly associated with the occurrence of cardiovascular events. The same results have been obtained when the analysis was restricted to the patients in whom data about left ventricular mass were available (nϭ86). Also in this subgroup, the M/L of subcutaneous small arteries was the most potent predictor of cardiovascular events (Pϭ0.002), and left ventricular mass index did not enter the model. Surprisingly, age never entered the model, probably because part of the importance of age was eliminated in the model by pulse pressure (correlation coefficient between the 2 variables, rϭ0.37, PϽ0.001). Similarly, left ventricular mass did not contribute to the model. In this case also, a possible explanation is the presence of a correlation with systolic (rϭ0.38, PϽ0.001), diastolic (rϭ0.43, PϽ0.001), and pulse pressure (rϭ0.22, PϽ0.05) and with M/L of small resistance arteries (rϭ0.24, PϽ0.05). No significant correlation was observed between M/L of small arteries and pulse pressure. We also examined the antihypertensive therapy that the subjects received during the follow-up period. There were no qualitative or quantitative differences between those with a high or low M/L. There was no qualitative difference in the cardiovascular events observed in patients with high or low M/L of subcutaneous small arteries (Table 2) .
Discussion
For the first time, the results obtained in our study have demonstrated that the M/L of subcutaneous small arteries, an index of structural alteration in the microcirculation, is the most potent predictor of cardiovascular events in a selected high-risk population. Its prognostic role is independent of other known cardiovascular risk factors, as demonstrated by Cox ANCOVA; in fact, only pulse pressure provided a further contribution in the prediction of cardiovascular events. A possible explanation may be that vascular structure is so potent a predictor of outcome that it may carry a relevant part of the contribution of other known risk factors, at least in our population. Our results point strongly toward a relevant prognostic role of vascular structural alterations in high-risk patients, although this evidence cannot yet be further extended to the general population. Cardiovascular events were qualitatively similar but quantitatively different in the subgroups with high or low M/L, suggesting that an altered vascular structure may uniformly increase the risk of cardiac, cerebral, and renal events. A possible bias of our study could have been the presence of a surgical correction of secondary hypertension, which could have reduced the incidence of cardiovascular events of treated patients. However, as is evident in Figure 1 , this was not the case for our population. In particular, patients with renovascular hypertension and pheochromocytoma were all submitted to a surgical intervention or a renal angioplasty, but their average M/L of small arteries and their incidence of cardiovascular events were clearly different. In addition, no qualitative or quantitative difference in the pharmacological treatment between patients with high or low M/L of small arteries was detected; therefore, it is highly unlikely that follow-up treatment may have influenced outcome.
The wire micromyographic technique permits the direct evaluation of the morphofunctional characteristics of small arteries in vitro ex vivo. 12, 13, 15 The presence of structural alterations in subcutaneous and omental small resistance arteries from essential hypertensive patients has been demonstrated with this approach. 6, 14, 15 The mechanisms leading to vascular remodeling are currently unknown, although it has been suggested that vascular wall stress, neurohormonal environment, and changes in extracellular matrix proteins 16 may have a crucial role.
It is not clear whether vascular structural changes are an important factor in initiating hypertension. 17 Some experimental studies and theoretical analyses have suggested that narrowing of the lumen and increase of the M/L may be responsible for the so-called vascular amplifier mechanisms, whereby the increase in vascular resistance per unit of constrictor stimulus is enhanced in the hypertensive compared with the normal circulation. 18 -20 However, these conclusions have not been confirmed by others. 21, 22 An important consequence of the presence of structural alterations in small resistance arteries and arterioles may be an impairment of the vasodilator reserve. Remodeling of small resistance arteries is characterized by narrowing of the lumen, which may increase vascular resistance even at full dilatation, ie, in the absence of vascular tone. In fact, a significant correlation between coronary flow reserve and subcutaneous small resistance artery remodeling was detected in hypertensive patients, suggesting that structural alterations in small resistance arteries may be present simultaneously in different vascular districts, and changes in morphology of the subcutaneous vasculature may reflect concomitant clinically important alterations in the coronary vessels. 23 The extent of structural alterations in small resistance vessels is more pronounced in hypertensive patients with diabetes mellitus compared with those observed in nondiabetic hypertensives or with normotensive diabetics, suggesting that clustering of risk factors may have synergistic deleterious effects on the vasculature. 24 Recent data suggest that in humans as well, alterations in small resistance artery morphology may represent the most prevalent and perhaps the earliest form of target organ damage in essential hypertension. 25 In addition, structural alterations in resistance arteries may be closely related to target organ damage, especially at the cardiac level. In fact, a linear relation between M/L of subcutaneous small resistance arteries and left ventricular mass index or relative wall thickness has been detected in hypertensive patients; this relation with left ventricular mass and geometry was more evident in patients with activation of the renin-angiotensinaldosterone system. 26 It is interesting to note that several studies have demonstrated that the effect of different antihypertensive drugs on vascular structure is not the same, being clearly more effective for those drugs that interfere with the renin-angiotensin system [27] [28] [29] and calcium antagonists 30 than for ␤-blockers.
The presence of structural alterations in the microcirculation may thus have an important role in the development of ischemic heart disease, heart failure, cerebral ischemic attacks, and renal failure. Therefore, it is conceivable that vascular structural changes in small resistance arteries may be considered in the future as an intermediate end point for the evaluation of the benefits of antihypertensive therapy, although this point needs to be demonstrated by specific intervention studies.
The current method for the evaluation of the structure of subcutaneous small arteries is minimally invasive, but nevertheless, the invasiveness may limit its applicability to large populations. It is possible, however, that noninvasive techniques for investigation of the microcirculation that are currently still under evaluation and validation, such as acoustic, 31, 32 confocal, 33, 34 fluorescence, 35 or intravital 36 microscopy, may in the near future provide important information to achieve a better diagnostic and therapeutic approach in hypertensive patients. 
